The PSI-graphene, a two-dimensional structure, was a novel carbon allotrope. In this paper, based on molecular dynamics simulation, the effects of stretching direction, temperature and vacancy defects on the mechanical properties of PSI-graphene were studied. We found that when PSI-graphene was stretched along 0 • and 90 • at 300 K, the ultimate strength reached a maximum of about 65 GPa. And when stretched along 54.2 • and 155.2 • at 300 K, the Young's modulus had peaks, which were 1105 GPa and 2082 GPa, respectively. In addition, when the temperature was raised from 300 K to 900 K, the ultimate strength in all directions was reduced. The fracture morphology of PSI-graphene stretched at different angles was also shown in the text. In addition, the number of points removed from PSI-graphene sheet also seriously affected the tensile properties of the material. It was found that, compared with graphene, PSI-graphene didn't have the negative Poisson's ratio phenomenon when it was stretched along the direction of 0 • , 11.2 • , 24.8 • and 34.7 • . Our results provided a reference for studying the multi-angle stretching of other carbon structures at various temperatures.
Introduction
Carbon possesses a variety of hybridization methods, such as sp, sp 2 and sp 3 , so that a variety of carbon allotropes are formed, which include graphene, carbon honeycomb (CHC), carbon nanotube and graphite and so on. These carbon allotropes have unique properties due to their different structures [1] . Graphene, a two-dimensional carbon structure, exhibits outstanding physical, chemical, mechanical properties, thermodynamic and other properties under large strains [2] [3] [4] [5] . CHC [6] [7] [8] is a new 3D carbon allotrope in a honeycomb lattice and has wide application prospects. Similar to graphene, PSI-graphene was a novel two-dimensional allotrope of carbon, which is formed by a 5-6-7 carbon ring. Based on first-principles calculations, it is dynamically and thermally stable [1] .
A large number of studies have been carried out to explore the mechanical properties of carbon allotropes [9] [10] [11] . The mechanical properties of the material were judged by parameters such as ultimate strength, fracture strain, Poisson's ratio, and the Young's modulus of the structure. Poisson's ratio is a mechanical parameter describing the transverse strain of materials in response to the axial deformation. Most solid materials shrink transversely when they are stretched in the longitudinal direction, resulting in a positive Poisson's ratio (PPR) value. However, the abnormal ones, known as auxetics, will exhibit transverse expansion [12] . The ultimate strength is the maximum stress of the material at breaking point and the fracture strain is the strain at the time of failure of the material.
Young's modulus is the ratio of stress to strain in the linear range. Zhao et al. [13] investigated the mechanical properties of super graphene, cyclographene and graphene, and given the relationship between the Young's modulus, shear modulus, Poisson's ratio, ultimate strength and ultimate strain along the armchair and zigzag direction. Based on first-principles calculation and molecular dynamics (MD) simulation, Jiang et al. [14] proposed twin graphene, a two-graphene (2D) semiconducting carbon allotropes, and also studied the mechanical properties, including in-plane stiffness, Poisson's ratio, shear stiffness and bending stiffness. Jing et al. [15] studied the effect of vacancy and Stone-Wales (SW) defects on the Young's modulus of graphene by MD simulation. It was found that the Young's modulus decreased as the degree of defects increased. Through MD simulation, Deng et al. [10] found that graphene had a negative Poisson's ratio when uniaxially stretched, and this phenomenon still existed at a temperature of 2400 K. Based on MD simulations, Dewapriya et al. [16] studied the effects of nanoscale vacancies on cracks under uniaxial tensile tests and found that the nanoscale central crack can be arrested by the strategic positioning of symmetric nanoscale holes. By combining the continuous elastic theory with the tight-binding atomic simulation, Cadelano et al. [17] obtained the nonlinear stress-strain curve of the graphene and the corresponding elastic modulus during stretching. Treacy et al. [18] estimated the Young's modulus of carbon nanotubes by transmission electron microscopy. It had also been found that the Young's modulus of CNT was particularly large, in the terapascal (TPa) range. Therefore, it can be used as a nanoscale fiber in lightweight composite materials. Besides, our team had also conducted a great deal of research on carbon honeycomb.
Lots of research has also been carried out to study the thermodynamic and other properties of carbon allotropes. Chen et al. [19] studied the thermal transport properties of carbon honeycomb with different chirality by equilibrium molecular dynamics (EMD) simulation and found that the thermal conductivity along the honeycomb axis was three times that of the other axes. The results also contributed to guiding the development of carbon honeycomb thermal channeling devices. Wei et al. [20] also studied the thermal conductivities of the newly synthesized all-sp 2 three-dimensional graphene. Gao et al. [21] studied the thermal conductivities characteristics of two-layer graphene with different layer cutting patterns and assembly structures during stretching and proved the potential application of graphene in the field of thermal conduction. Both Evans et al. [22] and Hu et al. [23] studied the thermal conduction of graphene by MD. It was found that the smooth edge has a higher thermal conductivity than the rough edge, the direction of zigzag and armchair had similar thermal conductivity. Moreover, Liu et al. [24] studied the electrical properties of T-graphene, a two-dimensional carbon allotrope with tetrarings by first-principles calculations. It was proved that T-graphene also had Dirac-like fermions and a high Fermi velocity. AH et al. [25] studied the electronic properties of graphene stacks and also introduced the effects of electron-electron and electron-phonon interactions in single-layer and multi-layer graphene. Kuilla et al. [26] utilized graphene to prepare nanocomposites with different polymer matrixes. Based on density functional theory, Gu et al. [27] found that the formation of sp 3 carbon-carbon bonds would make the structure more stable and further study the mechanical and thermodynamic properties of carbon honeycomb with different chiralities.
Compared with graphene, carbon honeycomb and other carbon structure, scholars had less research on PSI-graphene. Li et al. proposed a two-dimensional PSI-graphene structure constructed by polymerizing the carbon skeletons of sindacenes based on first-principles calculations and found that the structure also can be used as an anode material for lithium-ion batteries [1] . Currently, there is no evidence that PSI-graphene can be made experimentally. If conditions permit, our team will continue to follow up on PSI-graphene research. In addition, the PSI graphene sheets and the stone wales structure is different. PSI-graphene consists of regular polygons, and the stone-wales structure consists of polygons. The polygon arrangement of PSI-graphene is very different from the stone-wales structure.
In this paper, PSI-graphene has been studied in multi-angle stretching. At the same time, the ultimate strength, the Young's modulus and failure morphology of PSI-graphene were observed when stretching at different angles. Compared with graphene, the Poisson's ratio of the two structures was analyzed. Besides, the effect of temperature and vacancy defects on mechanical properties has also been explored.
Materials and Methods
The model of PSI-graphene and graphene is shown in Figure 1 . The PSI-graphene structure was constructed from pentagonal, hexagonal and heptagon carbon rings [28] , which was dynamically and thermally stable, calculated by state-of-the-art first-principles. Figure 1 illustrated that the PSI-graphene and graphene sheets were stretched along different directions in the x-y plane. θ was the shifting angle away from the symmetry axis and α was the shifting angle away from the armchair direction. Graphene was a six-fold rotational symmetry structure. The angle of the armchair and zigzag direction is 30 • . The shifting angles of graphene between 0 • and 30 • were selected. Other shifting angles were obtained by the symmetry of a graphene sheet. The PSI-graphene sheet was axisymmetric structure, and the shifting angle was selected between 0 • and 180 • .
MD method was widely used in many fields [29, 30] . All studies in this paper were performed by MD simulations based on the Large-scale Atomic/Molecular Massively Parallel Simulator (LAMMPS) package [31] . In order to describe the interatomic force between carbon atoms, we used the adaptive intermolecular reactive empirical bond order (AIREBO) potential function, which was widely used in the interaction between carbon structure atoms, such as graphene [32] , carbon nanotube [33] and CHC [34] .
The shifting angle θ and α, shown in Figure 1 , defined the stretching direction in the simulation. The shifting angle should be carefully selected so that the structure meets the periodic boundary conditions in both x and y directions to reduce the edge effect. Eight PSI-graphene samples were carefully selected with θ of 0 • , 11.2 • , 24.8 • , 34.7 • , 54.2 • , 90 • , 125.8 • and 155.2 • . In addition, to avoid size effects, all the simulations were performed on PSI-graphene sheets with similar size. According to the study of graphene multi-angle stretching [12] , we constructed the model of PSI-graphene sheets with about 18,000 atoms. In all simulations, periodic boundary conditions along the x and y directions and fixed boundary conditions along the z direction were used. It is fixed in the z direction, so PSI-graphene sheets don't fluctuate. The time step was 0.5 fs. An NPT ensemble was employed at the specific temperature (300 K, 500 K, 700 K and 900 K respectively) and zero pressure. The NPT ensemble was performed for all the simulations, including the relaxing stage and tensile stage. The external pressure was zero at the relaxing stage. However, at the tensile stage, external pressure in tensile direction was not controlled, since the stress was calculated by the pressure in the tensile direction. In addition, the simulated time is strain rate timing tensile strain. The trajectories of the relaxing stage were recorded every 5000 time steps, while the trajectories of the tensile stage were recorded every 8000 time steps. In addition, the data of the stress-strain curve were output every 500 time steps. Under the NPT ensemble, the relax stage is 25ps and the tensile stage is 150ps. To avoid the thermal and pressure effect, the temperature and pressure of simulation were controlled by the Nose-Hoover thermostat and barostat. The PSI-graphene samples were stretched in the x direction with an engineering strain rate of 10 9 s −1 . The post-processing and results visualization were performed by OVITO [35] . 
Results and Discussions

Mechanical Properties of Structure at Stretching along Different Angles
To investigate the effect of shifting angle on the mechanical properties of PSI-graphene sheets, series of MD simulations of PSI-graphene sheets with different shifting angles were carried out at the temperature of 300 K. The strains in the x and y directions were represented by εx and εy, respectively. The tensile results were cautiously reported in the part where εx was up to 0.1 [10] . Figure 2 showed the curves of strain εx vs εy for PSI-graphene and graphene sheets at 300 K. The curves of PSIgraphene ( Figure 2a ) were monotonically decreasing for angles of 0°, 11.2°, 24.8° and 34.7° in Figure  2a . The curves of graphene (as shown in Figure 2b ) showed a different trend. It can be found that the curve decreased and then increased when the graphene was stretched at shifting angle of 0° and 10.9° and the curves were monotonically decreased at shifting angle of 25.3° and 30°. Compared with graphene, it can be seen that the PSI-graphene structure didn't have a negative The mechanical properties of PSI-graphene and graphene can be described by two independent constants, i.e., ultimate strength and Young's modulus. According to the characteristics of PSIgraphene and graphene sheets, the range between 0° and 180° was observed in Figure 3a ,b, and the 
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In a word, the tensile strength of PSI-graphene sheets was the best when stretched along the 0° and 90° directions, which was slightly larger than that stretched along other angles. But the strength of PSI-graphene was slightly lower than that of graphene. 
Fracture Morphology of PSI-Graphene and Graphene
In this section, compared with graphene, the fractured state of PSI-graphene was studied. Here, the von Mises strains (scales from 0 to 1) has been employed to study the local atomic strains by using OVITO with a cutoff radius of 3.5 Å. The von Mises strain is based on the distortion energy of a structure and is widely used in biomechanical studies [37] . Figure 4 exhibited the evolution of local shear strains for loading along stretching direction. Figure 4a illustrated the failure morphology of PSI-graphene at different shifting angles when the crack surface was generated. With θ = 0 • , 24.8 • , 54.2 • and 90 • , crack surfaces in the x-y plane was a straight line, which was substantially perpendicular to the direction of stretching.
The failure morphology of graphene at different shifting angles is shown in Figure 4b . For graphene, the angle between the direction of the armchair was selected as the α. It was found that the cracked surface of graphene in the zigzag direction shows two crossed branches. The angle between the two branches was about 120 • (or 60 • ) [36] . And, the same result was obtained when θ = 25.3 • . However, in the direction of armchair (0 • ) and 55.3 • , the crack was a straight line along the zigzag direction.
The crack morphology in the x-y plane was completely different for PSI-graphene and graphene at 24.8 • and 90 • . The PSI-graphene sheet mainly produced cracks at the direction that was perpendicular to the direction of stretching. For graphene, cracks inclined to extend along the zigzag direction in the plane. In general, it can be inferred that fractures of PSI-graphene and graphene were similar at 0 • and 54.2 • , while at angles of 24.8 • and 90 • , the fractures are different. It can be seen from the figure that the shear strain was the largest at the crack. 
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Effect of Temperature on Fracture Behavior of PSI-Graphene
To get more information about the coupled effects of temperature and angle on the fracture strength, additional simulations were performed on PSI-graphene and graphene at different temperature and angles. The results were plotted in Figure 5 , in which the position of the curves represented sensitivity to temperature. 
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It can be observed from Figure 5a that when the temperature was changed from 300 K to 900 K, the ultimate strength gradually reduced. At 300K, the ultimate strength value was in the range of 55 to 65 GPa, while at 900 K the ultimate strength value was in the range of 32 to 43 GPa. The strength decreased by~40% at various angles. It can be found from Figure 5a that the ultimate strength in the 0 • and 90 • directions was greater than the other directions at the same temperature. This result was in perfect harmony with the above studies. Figure 5b showed the curves of ultimate strength of graphene sheets at different temperatures and angles. The ultimate strength gradually increased and reached a maximum at 30 • . From 300 K to 900 K, the ultimate strength of the armchair (0 • ) direction was 86 GPa, 78 GPa, 69 GPa and 62 GPa, while the zigzag directions (30 • ) were 105 GPa, 93 GPa, 85 GPa and 76 GPa, respectively. Besides, at the direction of armchair (0 • ) and zigzag (30 • ), the ultimate strength increased by 38.7% and 38.8% respectively. As the temperature increased, the ultimate strength of the material decreased and the mechanical properties of the PSI-graphene deteriorate. It can be observed from Figure 5a that when the temperature was changed from 300 K to 900 K, the ultimate strength gradually reduced. At 300K, the ultimate strength value was in the range of 55 to 65 GPa, while at 900 K the ultimate strength value was in the range of 32 to 43 GPa. The strength decreased by ~40% at various angles. It can be found from Figure 5a that the ultimate strength in the 0° and 90° directions was greater than the other directions at the same temperature. This result was in perfect harmony with the above studies. Figure 5b showed the curves of ultimate strength of graphene sheets at different temperatures and angles. The ultimate strength gradually increased and reached a maximum at 30°. From 300 K to 900 K, the ultimate strength of the armchair (0°) direction was 86 GPa, 78 GPa, 69 GPa and 62 GPa, while the zigzag directions (30°) were 105 GPa, 93 GPa, 85 GPa and 76 GPa, respectively. Besides, at the direction of armchair (0°) and zigzag (30°), the ultimate strength increased by 38.7% and 38.8% respectively. As the temperature increased, the ultimate strength of the material decreased and the mechanical properties of the PSI-graphene deteriorate. 
Effect of Vacancy Defects on Fracture Behavior of PSI-Graphene
This section elucidated the effect of point defects on the fracture behavior of PSI-graphene and graphene. The absence of atoms from the lattice of PSI-graphene and graphene was usually termed as vacancy defects, which are divided into mono-vacancy and multi-vacancy defects based on the number of atoms absent from the lattice of PSI-graphene [38] . In order to study the effect of vacancy defects on the fracture behavior of PSI-graphene and graphene, additional simulations were performed, with 0, 1, 50, 100 and 200 atoms removed from the PSI-graphene and graphene structure.
The stress-strain curve of PSI-graphene with vacancy defects is shown in Figure 6a . It can be inferred from the graph that the ultimate strength of PSI-graphene decreased with the increase of the number of absent atoms inside the structure. When the PSI-graphene sheet had no points missing, the ultimate strength of the structure was 64 GPa. When the PSI-graphene sheet was missing 1, 50, 100 and 200 atoms, the ultimate strengths were 54 GPa, 50 GPa, 44 GPa, 42 GPa, the ultimate strength was reduced by about 16%, 22%, 31% and 35%, respectively. Figure 6b shows the stress-strain curves of graphene with different point defects. It can be found that when the graphene sheet had no point defects, the ultimate strength was 86 GPa. When the graphene sheet was removed 1, 50, 100 and 200 atoms, the ultimate strengths were 75 GPa, 70 GPa, 66 GPa and 59 GPa, and the rates of decline were 13%, 19%, 23% and 31%, respectively. In summary, the presence of vacancy defects could impair the tensile strength of the PSI-graphene and graphene sheets. 
Conclusions
In this work, MD simulations were carried out to study the effects of shifting angle, temperature and vacancy defects on the mechanical properties of the PSI-graphene. With the help of stress and strain data, it was proposed that the identical ultimate strengths and the Young's modulus of PSIgraphene were observed at 300 K. When PSI-graphene was stretched along 0° and 90° at 300 K, the ultimate strength reached a maximum of about 65 GPa. When PSI-graphene was stretched along 54.2° and 155.2° at 300 K, the Young's modulus reached the maximum, which were 1105 GPa and 2082 GPa, respectively. Moreover, the fracture morphologies of PSI-graphene in every angle were also observed at 300 K. It was found from the fracture morphologies that the crack was always perpendicular to the stretching direction of the PSI-graphene sheet and the crack extended in a straight line. As the temperature increased, the ultimate strength gradually decreased. At 300 K, the ultimate strength value was in the range of 55 to 65 GPa, while at 900 K the ultimate strength value was in the range of 32 to 43 GPa. The strength was approximately decreased by 40% at every angle when the temperature was increased from 300 K to 900 K. In addition, the number of the atom removed from PSI-graphene also seriously affected the tensile properties of the material. When the PSI-graphene sheet had no atoms missing, the ultimate strength of the structure was 65 GPa. When the PSI-graphene sheet was missing 1, 50, 100 and 200 atoms, the ultimate strength was 54 GPa, 50 GPa, 44 GPa, 42 GPa, the ultimate strength was reduced by about 16%, 22%, 31% and 35%, respectively. In addition, compared with graphene, it was known that PSI-graphene didn't have a negative Poisson's ratio phenomenon.
By comparing PSI-graphene with graphene, we found that PSI-graphene is less sensitive to temperature. When the temperature is varied from 300K to 900K, the change of PSI-graphene intensity is about 30 GPa, and the change of graphene intensity is about 50 GPa. Li et al. [1] found that PSI-graphene can be used as a battery anode material. Based on this temperature-insensitive PSIgraphene, we can use PSI-graphene instead of graphene as the battery electrode material. However, by comparing PSI-graphene with graphene, we also found that the tensile properties of graphene are better than PSI-graphene at the same temperature. Moreover, PSI-graphene does not have auxetic, which makes PSI-graphene not have the following applications, such as protective structures (e.g., body armor and shock absorber), novel biomedical structures (e.g., artificial blood vessels, ligament anchors), and traditional mechanical components (e.g., aero-engine blades and wing panels). In the case of vacancy defects, the mechanical properties of graphene are also worse than those of PSIgraphene.
These results may help in the design of PSI-graphene-based on a larger scale, which could exploit such properties of this material. It also may contribute to the study of the mechanical properties of other carbon allotropes. 
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